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METHOD OF MANUFACTURING AMORPHOUS METALLIC FOAM 

FIELD OF THE INVENTION 

The present invention is directed to novel methods of manufacturing amorphous 
metaffic foams; and more particularly to amorphous metaUic foams made fiom bulk- 
solidifying amorphous alloys. 

BACKGROUND OF THE INVENTION 

Metallic foams are known to have interesting combinations of physical properties. 
They offer high stiffiiess in conjmiction with very low specific weight, high gas 
permeabiMty, and a,v«y high energy absorption ability. Today, these materials are 
emergmg as a new engineering material. Foams can be classified as either open or closed 
porous, m^as open foams are mainly used as fimctional materials such as gas 
pemieabiHty membranes, closed foams find application as structural materials such as 
energy absorbers or light-weight stiff materials. However, the broad-use of metaUic 
foams is hindered by the ability to produce unifor^x and consistent foam sbuctures 
Specifically, prior manufacturing methods for producing metallic foams result in an 
undesirably wide distribution of cell and/or pore sizes which camK,t be controlled 
satisfactorily, and as such limits and degrades the functional and structural characteristics 
of the metallic foam materials. 

The production of metallic foamed stractures is generally carried out in the liquid 
state above the melting temperature of the material, though some soHd-state methods 
have also been used. The foaming of onlinary metals is challenging because a foam is an 
inherently unstable structure. The reason for the imperfect properties of conventional 
metalhc foams comes fi-om the manufecturing process itself. For example, although a 
pure metal or metal aUoy typicaUy consists of a large volmne fraction (>50o/o) of gas 
bubbles, manufecturing metallic foam fi^m ordinary- alloys is very difficult because a 
desired bubble distribution can not be readily sustamed for practical times in their molten 



Specifically, the time scales for the flotation of bubbles in a foam scales with the 
viscosity of the material. Accordingly, the mechanical properties of these foams 
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drasticaUy degrade vdth flie degree of imperfection caused by the flotation and bursting 
of bubbles during manufecture. In addition, the low viscosity of the commonly used 
Uquid metals results in a short time scale which makes the processing of metalhc foam a 
delicate process. 

In order to remedy these shortcomings, several other techniques have been 
attempted. For example, to reduce the sedimentation flotation process. Ca particles may 
be added to the liquid, however, the addition of Ca itself degrades the metallic natm« of 
base metal itself as well as the metallic foam. Alternatively, foaming experiments have 
been performed under reduced gravity, in space, to reduce the driving force for flotation, 
however, the cost for manufacturing metalHc foams in space is prohibitive. 

It appears that none of the remedies utilized in the manufectuiing of ordinary 
metaUic foams are satisfactorily adequate for the production of amorphous metallic foam 
materials. Accordingly, a need exists for improved methods for manufectuiing 
amorphous metalUc foams which also can be used for the production of better-controlled 
ioam structures. 

SUMMARY OF THE INVENTION 

The present invention describes a method of controllably manufacturing 
amorphous metallic foams from amorphous aUoys. and more particularly to controllably 
manufecturing metaUic foams from bulk soKdifying amorphous alloys. 

In another embodiment of the invention, the volume fraction of bubbles in the 
metallic foam can be continuously varied between >l«/o and -95%. In such an 
embodiment, the bubble size can also be continuously varied between ~2 ^un and ~4 mm 
average size. 

In stiU another embodiment of the invention, the amorphous alloy is a bulk- 
soHdifying amorphous aUoy. where it is defined as an alloy that can be cast with a 
dimension of more than 1 mm in its smaUest dimension. 

^ embodiment, the invention is directed to a mediod of making 

^BiiMphous metallic foams comprising the steps of: 

a. Making a "pre-cursor" by introducing gas bubbles (volume fraction < 30%) 
with an average size less than 1 mm (average by number and not by volume 
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tocaon) to «» liquid mrtal ., a te»p«,toe *ove fte Hquidu. ,emp«.toe of fcc 
- alloy. .wh«e ttai«ocesdi« pressw. is high (up ,o 50 ban,) to create a high 
pressure in the bubble. 

b. Cooling tte bubble oomisting liquid such ftat it maiataina ita amoqAoua .tae 

c. Sub«,u»t expansion of the pre-cursor under a pressure gradient at a 
teniparanKe where the viscosity is be»veen 10« Pa s and .0' Pa a In such an 
onbodimen.. in order to establish a pressure gradient the pressure appBed daring 
step c nUBt be lower than the pressure during step a 

entails ftir" T.T" ^"^^ "'"^ """"^ ^ 

«.t.b My soUdrtyurg the pr^cur^r. such a. enrbodinren, «,e soKdified precursor 

must berehea.edu> around thesupe.cooledregioniathesub^expanai«.step. 

^*"''''»"'>«'«™>»'i»»'of*einve«don.megaabnbbl«arein„oducedto 
the hqurd by stimng the liquid which distdbu,«, bubble, thn^gh the Hquid surftce 

'•»ti«y«»°'H«-*odun«n.„f.hetave«i„n,«,eg.aisin.,od«edtotheHqui^ 

through a nozzle. ^ 

■-J''''/«--'h-«nbodin«^of,heinvenaon.ft^ 
to chop off existing Bquids to obtam smaUer bubbles. 

in stUl ,e. another «nbodimen. of th. inv««ion. the gaa bubbles are introduced to 

*. hqurd by addrng an agent tha, releases gas a, dJs t«„p«aturea and therefcre leads to 
the creation Of bubbles. ^i^iiam 

m stiB ye. another embodinrem of the invention, the memod mdudes the step of 
---dnou^ a volun., fiac«o„ of < 30H of sn»U bubbles (between i ^ an, .„ 
n»te, Itey hquid a. or above the liquidus teurperature. In suoh an embodinrent. the 
b^le eontaun.^ Hquid is.aohdified and its anrorphous structure is nraintaine; to 
produce a fcam ^cursor", m such an embodinrent. the foanr pre-cu,.„r is preferably 
m anrorphous metal aHoy co.„iating of up to 30% bubbles with a si« distributij^ 
between 1 jim and 1 mm. 

m stiU ye, anoflrer embodiment «,e invention is directed to a method of fcrming 
artKles of amorphous metallic foams having a very narrow disMbudon of bobble sizes 
m such an embodimen, flre bubbles may have a size distribution of a few urn, ftr 

example, between about 1 and 10 ixm. 
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BRIEF.DESCRn>nON OF THE DRAWINGS 

These and other features and advantages of the present invention wiU be better 
understood by reference to the following detailed description when considered in 
conjunction with the accompanying drawings wherein: 

J^^«li-g-Phicalrepresentationofthetime.tempe«ture^^ 
(TTT d^am) properties of an embodiment (Zr.,.Nba.sCu.^i,,3M„3 (o/o atom.) 
called VIT-106a) of a suitable materials for manufacturing amorphous metallic foams 
accordmg to the current invention, 

^. !'^^''"^^°**^^^«^^«°^^f*«viscositypropertiesofanembodiment 
(Z.T..N^.Cu.Be VIT-l series) of a suitable materials for manufacturing amorphous 
metalhc foams according to Ae current invention. 

Figure 3a is a flowchart of a first embodiment of a method of manufacturing 
amorphous metaUic foams according to the cunent invention. 

Figure 3b is a flowchart of a second embodiment of a method of manufacturing 
amorphous metallic foams according to the current invention. 

Figure 4a is a graphical representation of the flotation properties of an 
embodmxent (Zr..Ti.C«.Ni,oBe. (o/„ atom.) called VIT-1) of a suitable materials for 
manufachmng amorphous metallic foams according to the current invention 

Figure 4b is a graphical representation of the flotation properties of an 
embodm^ent (Zr..TiMCu.3Ni.„B.^ e/o .torn.) called VIT-1) of a suitable materials for 
manufacturing amorphous metalUc foams according to the current invention as compared 
topureAlmetaL. ^ 

Figure 5a is a pictorial representation of an embodiment of a foam precursor 
manufactured according to the current invention. 

Figure 5b is a pictorial representation of an embodiment of a foam precursor 
Httaafectured according to the current invention. 

Figure 6 is a schematic of an embodiment of an apparatus for manufacturing 
metallic foams according to the current invention. 
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fZr " '"'"^ °t an «nbo<Ito«„ „f , ^^^^ 

current invention. ^ • 

(Zrs..sNb..Cu,«N,. ,AI,„ „^ ^ 

m«ufi«n™gmeWUcfo.msa««di„gtoftec«™,,i„v«,ttan. 

(Zr nI'T 'J' ' ^^"^ Of fte P-pertie. of a„ embodtaen, 

m«aft«™„g^icfo.^,ecorttagtott,ecun™.faventton. 

fern manuftcamrf accortfag (0 the oin^t mventton. 

DETAIMD DESCRIPTION OF THE INVENTION 

The u.v«B» fa to a m«hod Of controUably manufactarin. 

*^ ""o^ and „o„ paHiouLly ^ ^ 

sohdifymgamofphoiuaUoys. 

Bulk solidly .„„^ 3Uo„ are amoiphou, aUoy.. which can be cooled at 
«^yW cooing ^ea. of ahon. 500 K/«o . les. and ..a. the. a^ojl^ 
..onnc aruchn, .„bs..n«a..y. Aa a„ch. they can be ptoduced in thiot^nesa of 1,0 1 o. 
^ anba.anh.ay fl^e. than conv„.io„a. an.o,ho„s alioy, of typicaUy O.O^rnl 
oooHng Of .0^ K/aec or n.o.. . Pn^™„„. h«^ 
htn • -"-^ ^.i«on befo« cry^aliizationZ. 

«1SJ59. and 5.735.975 («,e diaciosnre of each of which is inco^-orated he^in b^ 

aohdt^g a«on*o„a alloya can be deaenhed aa (Zr.Ti).(Ni.Cu, FeMBe.A,.Sli). 
whe„ a « n, the ^ge of ..on. 30 to 75. b ia in the range of So« 5 to io^ a,^ ft 

«.b..anha. anK-nnts of other tranai^on metab „p ,„ 20 « atonic. a«. ntore pt^Iy 
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metals such as Nb, Cr, V. Co. A prefeiable alloy family is (Zr.Ti).(Ni,Cu).(Be)e. where a 
IS m the range of fiom 40 to 75. b is in the range of from 5 to 50. and c in the range of 
fiom 5 to 50 in atomic percentages. StiU. a more preferable composition is 
(Zr,Ti),(Ni.CuX(Be)c. where a is in the range of from 45 to 65. b is in the range of from 
7.5 to 35. and c in the range of from 10 to 37.5 in atomic percentages. Another preferable 
aUoy family is (Zr). (Nb.Ti). (Ni,Cu)e(Al)a, where a is in the range of from 45 to 65 b is 
m the range of from 0 to 10, c is in the range of from 20 to 40 and d in the range of Lm 
7.5 to 15 in atomic percentages. 

Another set of bulk-solidifymg amorphous alloys are ferrous metals (Fe. Ni. Co) 
based compositions. Examples of such compositions are disclosed in U.S. Patent No 
6.325.868. (A. Inoue et. al.. Appl. Phys. Lett. Volume 71.. p 464 (1997)). (Shen et. al 
Mater. Trans.. JIM. Volume 42, p 2136 (2001)). and Japanese patent ^plication 
2000126277 (Publ. # .2001303218 A). aU of which ^ mcorporated herein by reference 
One exemplary composition of such.aUoys is Fe7.Al5C3a,P.,C<^4. Another exemplary 
composition of such alloys is Fe;3Al,Zr,oMo.W^B.3. Although, flxese alloy compositions 
are not as processable to the degree of 2r-base aUoy systems, they can be still be 
processed in thicknesses aromid 1.0 mm or more, sufficient enough to be utilized in the 
current invention. 

Although any of the above bulk-soKdifying amorphous alloys may be utilized in 
one preferred embodiment the bulk-soHdifying amorphous alloy has a AT of larger than 
60 oc and preferably larger than 90 «>C. AT defines the extent of supercooled hquid 
regmie above the glass transition temperatme. to which the amorphous alloy can be 
heated without significant crystallization in a typical Differential Scamaing Calorimetry 
experiment 

In general, crystalUne precipitates m amorphous alloys are highly detrimental to 
their properties, especially to the toughness and strength, and as such it is generally 
preferred to limit these precipitates to as small a minimum volume, fraction possible so 
that the aUoy is substantially amorphous. However, there are cases m which, ductile 
crystaUine phases precipitate m-situ during the processing of bulk amorphous alloys 
which are indeed beneficial to the properties of bulk amorphous alloys especially to the 
toughness and ductUity. The volmne fraction of such beneficial (or nonnletrimental) 
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^05. c<™p„3„„ ^^^.^^^ ^ ^^^^ ^ ^ ^ 

2901. 2000), fted,.c,osu«„,„ii,Hisinco„ker.i„t,„^,„^ 
of a™ m™^^ ^ ,^ ^ 

«», ato^c sTuomre. and preferably a. leas. 90-/. by voto» .f alloy is in 
amon,hou. atomic ^c^, and n^ preferably a. leaa, 99% by voW of U,e aUoy ia 
in amoiphous atomic structure. 

Altaugh buHc-solidifl^ng amorphous dioys are discussed above, i, should b, 
undersu,od .ha. any suiu.ble amorphous aUoy. especiaUy ones wim a « of Uuger J 3^ 

C, may be used m the current invention. 

eha^c.^'nTT"' '^'^ '"^-Hdi^g amorphous alloys «e 

^Olenzed by ,ela.,vely sluggish c.ysMhza«on ^ 

^.c ma^es d.c »ho.e or a porHon of «„ under c^M li,uid region. U-eLperahl 

for p^chcal *m^ as Shown in Hg^ 1. p„ ^ ^ ^ 

2Z 7 *™ " " "ko'e under 

cooled h^d r^on and is summarized in time tenperatee Wfbnnation (TTT) 

^ C M- \. ^ '""^^ (Z.,Ti,.Cu„Ni,„Be j 

'^'■«^''»'- • fte TTT^iagram 

2r3«jNbi,Cu,sjsNi,i,Al,oj(Vir-106a). 

J*' "■^l'=*«8i«ni»«c««»d by cooling fl»mtesubleH,^^^ 

l^'Z'"^ """"^ ''^^^ ^ K, no 

avoid any sigmfican. crystallization. y «»i » 

F«r«,™<»e. a relaflvely large range of viscosity values can be observed in fl» 
-aercooled h,uid r^e of bulk-solidi^g ^^^^ 

s^ows the vscostty as a tuncUon of tempe^ture for Zr.,Ti»Cu,^i,^e« 0^.?, As 

IZ!" T^! -•'P-- ««oy ol^^cs by -.3 ordei of 

magnitude m the undercooled Uquid regime. 
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The applicants discovered that the sluggish crystallization kinetics (see Figure 1) 
can be beneficiaUy exploited to develop novel processing methods of bulk-soHdifying 
amorphous alloys into foam structures. Furthermore, the appUcants discovered that 
utilizing these novel processing methods and by accessing a large regime of viscosity 
values, between -1 Pa sand ~10" Pa highly homogeneous and controllable amoiphous 
metallic foam structures can be obtained- The appUcants further discovered that, these 
novel methods of processing amorphous aUoys into metallic foam structures can 
substantiaUy forego or relax the dimensional limitations arising from critical cooling rate 
to form amoiphous phase. 

The processing method, according to the present invention, for making foams 
fiom bulk-solidi^ amoiphous aUoy exhibiting a glass transition before crystallization 
comprises three general steps: 1) creation of a foam pre-cuisor. 2) cooling the precursor; 
aiui 3) expanding theAubbles in the precursor to form a final metalUc foam. Flow charti 
of two embodiments of this general process are shown in Figures 3a and 3b. As seen, 
both methods generaUy entail the steps as recited below. 

First, creating a bulk-solidif>dng amoiphous aUoy "pre-cursoi** at temperatures 
above the liquidus temperature of the aUoy which consists of a moderate volume fraction 
(<30%) of small bubbles (<1 mm), and preferably cieatmg a large pressure in the bubbles 
by processing the pre-cursor at high pressures (up to -50 bar or more). 

Second, solidifying the pre-cursor by cooling the molten aUoy sufficiently quickly 
to maintain its amorphous state. 

Finally, heating the solidified precursor to aUow the bubbles to expand in the 
supercooled liquid region of the bulk-soUdifying amoiphous alloy mider a pressure 
gradient by processing the material at lower pressures than in step 1 (preferably in partial 
«r full vacuum). The supercooled temperature region is where the viscosity of the alloy is 
between ~10« Pa sand -10** Pa s. It should be miderstood that the processing time can be 
any length such that the material does not crystallize during expansion or that the process 
is terminated before crystallization would set in, resulting in an amorphous foam. 

In the method summarized in Figure 3a, the pre-cuisor is only cooled in the 
second step to a super-cooled region, shown in the TTT diagram in Figure 1 below the 
nose of crystallization curve and above the glass transition temperature. Accordingly, in 
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this embodiment, the expansion of the bubble does not require any reheating of the 
precursor..but rather controUed cooling of the precursor into specific ten^perature zones 

Meanwhile, in the method summarized in Figure 3b, the precursor is cooled to a 
sohdi^g temperature (belo^ the glass transition temperature) in Step 2. and then 
Ideated in Step 3 to above the glass transition temperature to allow for tixe expansion of 
the bubbles. This embodiment is preferred for manufacturing arrangements in which it is 
advantageous to be able to handle a stable precursor prior to the pr^aration of the final 
metallic foam. 

The expansion of the bubbles, and hence the precursor, can be carried out in pre- 
determmed constrained geometry in order to achieve near^o-net-shaped foam 
components. Furthem^ore, such operation can be carried as a part of the assembly or 
mechanical joining operation into other materials. 

Although the process discussed above is useful for a wide variety of bulk- 
sohdifying amorphous alloys, it should be understood that the precise processing 

conditions required for any particular bulk-soUdif^g amorphous alloy wiU differ For 
example, as discussed above, a foam consisting of a liqmd metal and gas bubbles is an 
unstable structure, flotation of the Ughter gas bubbles due to gravitational force takes 
place, leading to a gradient of the bubbles in size and volume. The flotation velocity of a 
gas bubble in any Uquid metal material can be calculated according to the Stoke's law: 

Vsed=2a2(prpg)g/9T1 

where g is the gravitational acceleration, a is tiie bubble mdius. and p, p„ are ti,e 
densities of the Uquid and gas, respectively. 

An exemplary flotation velocity calculation made according to Equation 1 for 
VIT-1 is shown in Figure 4a and 4b. As shown in Figure 4a. using experimental 
viscosity data (as shown in Figure 2) and a fiquid VIT-1 density of p = 6.0x10^ kg/m^ ' 
the flotation velocities of bubbles in a VIT-1 alloy melt as a function of bubble radius is' 
calculated for liquid VIT-1 at 950 K (-). and 1100 K (- - -). Figure 4b shows tiie 

flotation for a 1 mm gas bubble in liquid VIT-1 (-) and liquid AI (...) as a function of 
T/Ti. 
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Udng such gniphs. accep«ble pro«s.i„g conditions, auch as time and 

proems tata. ,0 b. 60 . and an acceptabie flotation distance of-. „^ 
t«ea «ui .^npetato^ a flotation velocity smaller than .0- ,n/s would be 

acci^able. Tl«efi„e. in this case an unacceptable bubble gradient can be „«ded if the 
»-taum bubble size is less than 630 m„. if tbe Vtr-I i, ^ 
hqu-dus t^uperature of about 950 K. By processing VfT-l moHs a. 660 K. below it. 

bubbles^On the other hand, these results show that the Ibn^on of gr«Uen.s in Atmelts 
<=annot be suppressed for bubbles larger than 4 ^m. Tbo TTT^agram for Vlr-I 
suggests that fbr example, at -700 K it tak« 1 100 . befo. fl„ s»nple crystallizes. TUs 
ume .s avauable for processing flte pre^and expanding thebubble, while avoiding 
s.gn:flcant PrystaUization. In Figure 2 viscosity of VfT-l i, depicted, h, .h! 
TTTITZ^ the ^.l^coolod li,„id is accessibl. the viscosity is between 

10 /^^--dlO P..Forthesevisc„si.y™ta«.buhblesof,vensev«alcn.i„sizedo 
not show any noticeable gradient on die Ume scde of the experiment 

into «.^.'tT^°^'^"'^*°'^*«'-'="-'.'S»'-'o be introduced 
rnto fte h,u.i buac^olidifying amotphous afloy. Any suitable method of introducing 
bubble m the li^d bulc-soHdi^ ,mo,ph,„s ^ ^ ^ 

c-».^.nv«.t,on. Ih on. exemphry ,mbodim«^ gas releasing agents, such as B.O3 can 
be used whtch are wiU, fl.e m^al alloy. -Hre B,0. releases H.O3 a. elevate 

'«»P««u.^ which in turn Ibnns gas bubbles in the size r^ge of between -20 ^n, »„o 
-2 nm. As .heady demonstrated in the calcuIaUons. with these size bubbles no 

for m a PdNtCP aUoy. llrese figures also denK,„s.rate how the volume faction ,f 

between 3 % Figure 5a and 20% Figure 5b. 

Anofl», method to mtroduce bubbles into a Ii,md bulk^Iidi^ amorphous 
«noy ,0 obtam a pre-cursor foam is by mechanical treating the Uquid as shown in 
p.cto,«l example of VIT.106a in Figm« 7. In such ™ embodiment, fl„ stability of a 



10 



49622/JWP/L471 



Uquid surface can be described by comparing the inertial force to the capiUary foice, 
9CCording to the ratio: 



(2) 



where W is the Weber number, p is the density of the Uquid, v the velocity of the moving 
interface. L a typical length for bubble size, and a the liquid's surface energy. For W< 1 
the liquid surface becomes unstable and gives rise to mechanically create bubbles in the 
liquid. This equation makes it possible to calculate the size of bubbles lhat can be created 
for a given inertial force and surface energy. For example, an object ^ith a velocity of 10 
m/s moving in a liquid with a density of 6.7 g/om' and a viscosity of 1 Pa s is able to 
break-up bubbles with a size down to 1 fun. 

A schematic of an apparatus capable of creating a pre-cursor according to this 
method is shown in.Figure 6. In this anbodiment. a heated crucible 10 holds the liquid 
aUoy sample 12 and a spimiing whisk 14 is used to breakup existing bubbles 16 and 
create new bubbles 18 by breaking up the surfece 20 of the Uquid. A bubbler- 22 

consisting in this , embodiment of a tube through which gas may be passed is used to 

cr^e the initial bubbles. Initial bubbles can also be created through the surface by a drag 

of the Uquid created by fixe spinning whisk. 

An example of a Vitreloy 106 prefer made in accordance with this 

mechanical method is shown in Figure 7. The pren^ui^or consists of about 10% bubbles. 

The bubble size is in between 0.020 mm and 1 mm. 

Furthermore, it should be noted that there is a minimum bubble size that can be 

created with the precursor-foiming methods. From the energy considerations . it can be 

derived that the minimum bubble size, which is given by: 



Rmin= 2 Sigma/P 



(3) 



where Sigma is the (surface tension) (as in the above Weber equation), md P is the 
ambient pressure during bubble creation. It should be noted the bubble size in the foam 
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l^OTsor ^ ^ ^ p,^,, ^ ^ ^^^^ 

«w™s.on in .^ s„bse,™„, aep^ Accarttog ,o u.. above fonnula. a high ambieM 
pr««« (up u, 50 b.« or »o„, is d«ir«i dudng bubbb fo^aMon i« o„icr ,0 c.«.te 
bubbles in smaller diameters. 

bu bte i„ ^ ^^^^ ^^^^^ in itself can be .a^i a n.e««c L 

^.tena^) Noneaeiess. *e vexy aan^e foan, pre^^r can be ftnned i«o a final ibam 

»«c™loftowerdenai.y(ahigher volume faction ofbubbles). and wiftahigh degree of 
b<»^geoei.y h, bubble dis«bu«on by u«iiztag fl. above-memioned «,p.„aio„ stepa for 
fte ft-n P-<n,or „iu, ho^ogeoeoua bubble dis«buHo. Aceordingly. a fe, aeady- 
sute bubble d,a«bu«o„ is achieved wiu, one of U,e above proceaaes of bubbL 
^e^non. ™s is followed by flouHon of ,a,er bubbles by kec^g 
above fte h<,u.dus. l^e specific .emperah^ ^bove the U-pUdus can be selected by Z 
deaue bubble size disWbuhon. The higher teupen«u« above u,„idua. tte more 
smaller bubbles will f,oa.™Bu„.giventfn.A«erfl« larger sizebubbles are floated.*, 
add-nona. bubbles, fcr example by aubn^ ^ ^^^^ J 

T?.t' -"-d wia a «gh.» disHbuto L 

smaller bubbles. The above.n>en«»,ed «.ps can be repeated aevc^l tees in onier u, 
achieve the desired distribnSon of bubble size. 

Alttrough «„ viscosity properties of bulk^Hdi^g amorphous aUoys make it 

bubble diatnbuhon. u, convendonal bulk^iidi^ amo.phoua alloy processing 
is Critical h. the ,ubse,„en. solidificatio. that the temperatu. of the foam 
^c»m,lled .0 ensure that fl» amotphou. stn^ture of the material is mamtamed. As a 
ftrs rerprres cooling feam n^^rial a. a rate higher than me cridcal cooling 
.ate. where the critical cooling .ate. i, defined as the lowest cooling rate at which 
«gmfica„t cstalliz«ion of the material can be avoided upon cooling. In turn. i, 
»vc«e.y p^ortional ,„ the critical casting thickness; D. An alloy containing bubbles 
has . smaller critical casti.^ thickness 0^ ^ same alloy without any bubbles 
Accordmgly. the mfluene. of the foammg pmcess on the critical castmg thickness 
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assuming the foaming process does not cause heterogeneous nucleation, can be estimated 
through the mcrease in thermal difiusion length. For example, if Og « a, (where a is the 
thermal conductivity of the g (gas), and 1 (liquid)), p, « p, (where p is the density), 
and Cp.g ^ cpj (where Cp is the specific heat), the heat will predominately transfer through 
the hquid. But this requires an increased diffusion length since the Hnear path is 
interrupted. Assuming a dense packing of spherically shaped, uniform bubbles, with a 
volume fraction of about 75 %, the additional diffusion length can be calculated by . 
comparing the length of going around a bubble with the bubble diameter, resulting in a 
factor of n/2. This results in a critical casting thickness for the foam which is 65% of that 
of the bulk material. Accordingly, amorphous foam containing 75 % bubbles 
manufactured by this method would be restricted m one dimension to a thickness Dc 
(bulk) X 0.65 . 

However, in the technique of the present invention the sinallest dimension of the 
foam is not limited to Dc of the bulk materials. Specifically, in the first step in the 
processing route according to iho preset invention an amorphous foam '^re-cursor" 
consisting of a large number of small bubbles (sized between -10 ixm and ~1 mm) with a 
maxunum volume fiaction of 30 % is formed. The critical casting thickness of the pre- 
cursor would be about (bulk) x 0.8 or larger due to the smaUer volume fiaction of gas 
than in the above discussed case with 75% bubbles. This precursor will then subsequently 
be expanded in the super-cooled liquid region. Here, such restrictions of critical casting 
thickness do not apply anymore. h«tead, the dimerisions of the final foam is Umited by 
the number and size of the bubbles, the pressure difference in the step.l and step 3. . 

In order to expand the bubbles in the pre-cursor in the super-cooled hquid region, 
a difference in pressure inside the bubbles and the pressure in the undercooled Uquid is 
mandatory. Therefore, this processing step has to be performed at a lower pressure than 
that used in Step 1. The expansion time and temperature can be calculated fiom the 
growth of a gas bubble in a liquid accordmg to Equation 4, below. 



(4) 




13 



49622/JWP/L471 



wh« R U 4c bubble «diu,, taterftcial «^gy, viscosity. p:^^ fa fl>e bubble 
,!! C ' bubble ™diu, 

tempe«u«, for a pre^ure of 3 bar in *e bubble and lO^ bar in liquid inidl 
bubble «dius is .00 Mm. Tal«n W Figure 1 «.e toe u> reach crya.aUia«io„, wbich is 
a»ava,Metaef„r4efoau^ngp.c.ssouecancalculate«»„«xi.„u„.b„,fc^ 
4«.„n for differen, prccur... TMs is done for tte considered ten.pera.ures in Hgure 8 
nan^ely 700 K. 730 K. 750 K. and 765 K for a bubble pressure of 3 bar and aT^d 
pressure of 10- bar for an initial bubble ™diua of lOO ^ results are also 

-nmarized in Table 1, below. For exaniple. a pre-eursor tha, consists of .0% bubbles 
pro^ at 750 K for tbe a«iW„e tinae of UO s, expands.t. a bubble volume fta«ion 
ot 47 /o and mamtains its amoiphous structure. 



T[K] 



700 



730 



750 



Table 1 : Bubble Expansion Veisiis Time 



T cryst [sj 
3700 



420 



110 



5% 
%bubble 



15 



30 




10% 
%bubble 

18 



27 



47 



20% 
%bubble 

33 



45 



67 



Figure 9 shows the influence of the bubble pressure on the expansion The 
^-^g tempen^ture is 750 K. the initial bubble r^us is 100 ^m. and the pressure in 

5/0.10/0.20/oforbubblepressuresof 1 bar,3bar. 10- bar. and 30 bar. Especially at high 
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l'3 



bubble pressure the precursor can be substantiaUy expanded within the time before 
crystallization sets in. 







Table 2: Bubble Expansion Versus Pressure 


T[K] 


P[bar] 


5% 
%bubble 


1 10% 
%bubble 


20% 
%bubble 


750 


1 


13 


23 


41 


750 


3 


30 


47 


67 


750 


10 


53 


7. 


85 


750 


30 


77 


88 


95 



EXAMPLE 

m one exemplary embodiment, the bulk glass forming aUoy Pd43Ni,oCu„P,„ was 
processed into a low^ensity amorphous metaUic foam. In this embodiment, as described 
m detail below, Pd,3Ni.oCu3,P^ is mixed with hydrated B.O3 which releases gas at 
elevated temperature and/or low pressure. Very homogeneous foams are achieved, due to 
the high viscosity of the ^loy even at its Jiquidus temperature. By processing at the 
hqurdus temperature and decreasing the pressure to 10- mbar. well distributed bubbles 
expand to foam the material. Foam densities as low as 1.4x10^ kg/m^ were obtained 
cort^onding to a bubble volume fraction of 84 % The bubble diameter ranges between' 

2x10 m «^<ilxlO-'m.TTiemiaI analysis by differential scamnngcalorimetry was then 
used to confirm the amorphous nature of the foam. 

Ingot material of a purity rm^g from 99% to 99.999% was used. The prefoam 
matenal was prepared by mixing the ingots with B.O3 powder in quartz tubes, and 
Piocessing for 1200 s at 1200 K. followed by water quenching. The temperature was 
measured with K-typ= th^naoe^^rfaa Wavelcngth^spersive-spectrometer 
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measurements were carried out to verify the composition of the samples. Thennal 
analysis to confirm the amorphous nature of the.foam was performed in a Perkin Ehner 
DSC 7 analyzer. 

Hydrated B2O3 was utilized to create gas bubbles in the liquid melt These 
bubbles expand when the pressure is decreased, resulting in a low density closed ceU 
foam. Differential scanning calorimetry (DSQ measurements were then carried out to 
confirm the amorphous natare of the foam. A prefoam specimen prq>ared in the 
described way consisted of a uniform distribution of bubbles. The bubble volume fraction 
was about 20% with an average bubble size of 1 .5x lO^^ m. 

The prefoam sample was processed for 60 s at 1100 K to. improve the glass 
forming ability of the material, and subsequently cooled to the aUoy's liquidus 
temperature of about 860 K. Subsequently, the pressure was slowly decreased to about 
10-^ mbar. The lowering of the pressure results in the foaming of the material. After 20 s, 
when the material reaches its maximum foam height, it was water quenched. The density 
of the foam produced was 2.2x10^ kg/m' compared to 9.1x10^ kg/m^ for bulk 
Pd43NiioCu27P2o sample. The bubbles in the produced foarti vary in diameter between 10^ 
m and lO'^ m. A very uniform bubble distribution can be observed without noticeable 
gradient fix>m top to bottom. . . 

Using previously pubKshed viscosity data and a density of p = 9.1x10^ kg/m\ the 
flotation velocity for gas bubbles in a PdNiCuP Kquid as a fimction of temperatare was 
calculated according to Stokes law. For simplicity, a constant bubble volume fraction of 
30% was assumed. Three different bubble sizes of 5x10"^ m, 5x10"* m, and IxlO"^ m 
have been considered. At a temperature of 900 K with a corresponding viscosity of 86 Pa 
s, a velocity of V= 1x10'^ m/s for bubbles of a radius of SxlO'^ m, V = 4x10-^ m/s for the 
5x10-^ m bubble, and V = 4x10"' m/s for the 1x10"^ m bubble was calculated. By 
comparing the tune scale for flotation with the time scale of the experiment of 20 s, one 
can conclude that no noticeable gradient should be expected for bubbles of a radius of 
5x10-^ m or less. The results suggest that the flotatipn velocity of gas bubbles in pure 
metals is three orders of magnitude higher owing to the three orders of magnitude lower 
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viscosity. Therefore, in liquid pure metals, even bubbles with a radius of IxlO"^ m show 
significant flotation on the time scale of the experiment. 

In order to ensure that the foam can be vitrified upon cooling a thennal analysis 
measurement was performed by heating the piefoam and foam materials at a rate of 0.33 
K/s. Both thermograms for the samples look very similar. For example, he thermogram 
for the prefoam sample indicated that the material's glass transition temperature is = 
578 K, the crystallization temperature is = 667 K, and the heat of crystallization is AH 
= 3x10^ J/mol. Solidus and Uquidus temperatures are 804 K and 859 K, respectively. 
MeanwhUiB. for the foamed sample, = 577 K, Tx = 666.8 K, and A^f = 2.9x10^ j/mol. 
Solidus and Kquidus temperatures are 804 K and 858 K, respectively. The fact that 
and Tx are not altered by the foaming process indicates that the foaming does not degrade 
the glass forming abiUty. A similar heat of crystallization measured for the two alloys 
. proves that the foam is entirely amorphous. 

EXAMPLE 2: 

A low density amorphous PdNiCuP was made by mixing ingots of the PdNICuP 
with hydrated B2O3. The B2O3 releases gas at temperatures around the melting 
temperature of the alloy and creates a large number of small bubbles. The mixture of 
PdNiCuP and B2O3 is processed for 1200 s at 1200 K. The bubble containing hquid is 
then cooled with a rate that prevents detectable crystallization. The amorphous structure 
can be proven by differential scanning calorimetry (DSC). 

The bubble volume fiaction of the pre-cursor is between 10 and 20 % (see Figure 
5a and Figure 5b).The amorphous pre-cursor was subsequently heated up in the 
supercooled Uquid region to a temperature of 360 C and held there for 120 s. The 
pressure was decreased to about lO'^. mbar. During this time the pre-cursor expands. 
Figure 10 shows the resulting foam. The density is 2.2x10^ kg/m^ compare to 9.1x10^ 
kg/m^ of the bulk PdNICuP saniple. This results m a bubble volume fraction of about 75 
%. DSC measprements on the foamed sample showed that no noticeable crystallization 
took place during the expansion process. 
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The preceding description has been presented with reference to presently 
preferred embodiments of the invention. Workers skiUed in the art and technology to 
which this invention pertains will appreciate that alterations and changes in the described 
struchires and processes may be practiced without , meaningfiilly departing &om the 
principal, spirit and scope of this invention. 

Accordingly, the foregoing description should not be read as pertaining only to 
the precise structures described and iUustrated in the accompanying drawings, but rather 
should be read consistent with and as support to the foUowing claims which are to have 
their fullest and &ir scope. 
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WHAT IS CLAIMED IS: 

1. A method of making a metallic glass foam from a bulk-solidifying 
amorphous alloy as described herein. 

2. An apparatus for making a metallic glass foam from a bulk-solidifying 
amorphous alloy as described herein. 

3. A metallic glass foam article made from a bulk-solidifying amorphous . 
alloy as described herein. 
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METHOD OF MANUFACTURING METALLIC FOAM FROM 
METALLIC GLASS FORMING LIQUIDS 

ABSTRACT 

An apparatus and method for controllably manufacturing metallic foams fix)m 
high viscosity materiats, and more particularly for controllably manufacturing metallic 
foams from metallic glass forming liquids are described. 
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